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Abstract—Full-duplex (FD) communication has received great
interest in recent years due to the potential of doubling the
spectral efficiency. However, how to alleviate the detrimental
effects of the residual self-interference (RSI) incurred by the FD
mode is still a challenging problem. In this paper, focusing on
the statistical throughput maximization, we propose an optimal
hybrid FD/half-duplex (HD) scheme for the one-way FD buffer
aided relay system. To solve this problem, we divide the system
into four different transmission modes and formulate the problem
as a binary integer programming problem. By relaxing the binary
variables to be continuous ones, we solve the problem using the
Karush-Kuhn-Tucker (KKT) optimal conditions. We obtain the
selection probability of each mode based on the instantaneous
channel outage states. The proposed scheme not only achieves
the optimal FD or HD mode selection, but also realizes adaptive
source-to-relay or relay-to-destination link selection. Simulation
results show that the proposed scheme offers 95% maximum gain
over the HD counterparts.
I. INTRODUCTION
Deploying relay nodes in networks is an efficient way to
improve the quality of service of cell edge users [1]. Field
measurements have shown that relay nodes can improve the
system throughput and enhance the outdoor to indoor coverage
[2]. Owing to the various advantages, relay communications
have received great interest. For instance, in [3], the outage
performance was studied for the bidirectional half-duplex
(HD) decode-and-forward (DF) relay systems. Recently, the
full-duplex (FD) mode, which receives and transmits in the
same frequency band simultaneously, was proposed [4]. In [5],
the authors showed that the FD mode could efficiently improve
the performance of the relay systems over the HD counterparts.
However, the performance gain was still greatly limited by the
residual self-interference (RSI) after self-interference cancel-
lation. In [6], the authors analyzed the outage performance of
the two-way FD relay system with RSI. The results revealed
that the HD counterparts outperformed the FD system in the
high RSI regime.
To overcome the detrimental effects of the RSI, the authors
in [7] have proposed a hybrid HD/FD scheme based on the
instantaneous transmission rate. However, the authors did not
consider the buffer at the relay node. The received packets
needed to be forwarded immediately. Hence, the end-to-end
performance was limited by the worse one of the S-R and
R-D links. In [8], the authors have proposed an adaptive link
selection protocol for the traditional HD relay system with a
buffer. The results revealed that the buffer could efficiently
improve the end-to-end throughput. Intuitively, to deploy FD
mode in the aforementioned systems will improve the system
performance as it bears the potential to double the spectral
efficiency. However, we cannot simply extend the previous
schemes to the FD cases due to the simultaneous transmission
and reception. In addition, the RSI, which is a critical factor
that limits the system performance, should be carefully treated
as well. The relaying scheme and the hybrid FD/HD mode
need to be re-designed to exploit the maximum potential of
the FD mode. To the best of the authors’ knowledge, few
works has been done on this topic.
To utilize the advantages of the buffer, in [9], [10], the
authors have designed the hybrid FD/HD protocols to improve
the system throughput. In these protocol the FD mode is
always preferred whenever it is available. In fact, we find that
the FD mode is not always preferred. In addition, in [10],
the HD and FD mode may be both possible. In this case, we
design the selection probabilities to select different modes.
In this paper, we are dedicated to design a hybrid FD/HD
protocol to maximize the system statistic throughput over the
infinite time horizon for the one-way FD DF relay system.
To solve this problem, we first divide the system into four
different transmission modes and then formulate the problem
as a binary integer programming problem. By relaxing the
binary variables to be continuous ones, we solve the problem
using the Karush-Kuhn-Tucker (KKT) optimal conditions. The
proposed scheme not only achieves the optimal FD or HD
mode selection but also realizes adaptive S-R or R-D link
selection. In addition, the general expressions of the system
throughput is derived. Simulation results validate that the
proposed scheme effectively overcomes the detrimental effects
of the RSI and offers 95% maximum throughput gain over the
HD counterparts.
II. SYSTEM MODEL
In this section, we describe the system model, including the
channel mode, basic transmission modes and different channel
gain regions.
A. Channel Model
The system model is depicted in Fig. 1. The direct link
between S and D does not exist. The relay node has the
capability to work in the full-duplex (FD) mode and is
equipped with a buffer B. In addition, we denote the channel
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Fig. 1. The three-node one-way FD DF relay system model.
coefficients of the S-R and R-D links as h1(i) and h2(i) in
the i-th time slot, respectively. The block fading channels are
considered. We assume that |h1(i)| and |h2(i)| are subject to
the independent, stationary and ergodic random distributions.
All the channels are contaminated by the thermal noise. When
the relay node works in the FD mode, the S to R link
will be impaired by the RSI as well after self-interference
cancellation. We use γF1 (i), γ
H
1 (i) and γ2(i) to denote the
signal-to-interference-plus-noise ratios (SINRs) of the S-R
link in the FD mode, HD mode and the R-D link, respectively,
which are given by
γF1 (i) =
P1g1(i)
IR + σ2r
, γH1 (i) =
P1g1(i)
σ2r
, γ2(i) =
P2g2(i)
σ2d
, (1)
where P1 and P2 denote the transmit powers of S and R,
respectively. g1(i) = |h1(i)|
2 and g2(i) = |h2(i)|
2 denote the
channel gains of the S-R link and R-D link, respectively.
σ2r and σ
2
d denote the variances of the noise at S and D,
respectively. IR = KRP2, where KR is the indicator of the
RSI level. In this paper, we consider the fixed rate transmission
scenario with rate R0, which has been considered in various
applications, such as packet transmission. In addition, we
assume that the relay node knows the global CSI.
B. Different Transmission Modes
In the system, there exists four different transmission modes,
denoted byM1,M2,M3,M4. To be specific, in the modeM1,
the source S sends messages to the relay R, but R keeps silent
and the messages are stored in the buffer B. In the mode M2,
the source S keeps silent, but the relay R extracts messages
from the buffer B and forwards them to the destination D. In
the mode M3, the system works in the FD mode, i.e., S and
R transmit signals simultaneously.
In order to specify which mode is selected, we let dj(i) ∈
{0, 1} to serve as the mode indicator. For instance, when the
mode Mj is selected in the i-th time slot, we set dj(i) to 1,
otherwise we set dj(i) to 0. In each time slot, only one mode
can be selected, we obtain that
∑4
j=1 dj(i) = 1. In order to
decide whether the information can be successfully decoded
in the mode Mj , we adopt Oj(i) ∈ {0, 1}, to serve as the
transmission indicator. If the transmission in the mode Mj is
successful, we set Oj(i) to 1, otherwise we set Oj(i) to 0.
For the mode M4, since all the nodes keep silent, we always
set O4 = 0.
C. Different Channel Gain Regions
For better illustration, we divided the whole channel gain
plain into six un-overlapped regions, which are denoted by
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Fig. 2. Different channel gain regions.
Rk, k ∈ {1, ..., 6} as shown in the Fig. 2, where g
H
1 =
γ0σ
2
r
P1
and gF1 =
γ0(IR+σ
2
r)
P1
denote the outage threshold of the S-
R link under the HD mode and FD mode, respectively. gH2 =
γ0σ
2
d
P2
denotes the outage threshold of the R-D link. For clarity,
the relationships between the transmission indicators and the
different channel gain regions are summarized in the following
table.
TABLE I
VIABILITY OF DIFFERENT MODES
Channel Gain Regions R1 R2 R3 R4 R5 R6
O1 1 1 0 1 1 0
O2 1 1 1 0 0 0
O3 1 0 0 0 0 0
III. OPTIMAL HYBRID FD/HD MODE SELECTION SCHEME
In this section, we first formulate the system statistical
throughput maximization problem. Then, the optimal mode
selection scheme is presented.
A. Problem Formulation
In this paper, we desire to devise an optimal hybrid FD/HD
scheme to maximize the long-term system throughput. First,
the rate of the S-R link is given by
R1 = lim
N→+∞
1
N
N∑
i=1
[d1(i)O2(i) + d3(i)O3(i)]×R0. (2)
Similarly, the maximum average rate of the R-D link is
given by
R2 = lim
N→+∞
1
N
N∑
i=1
[d2(i)O2(i) + d3(i)O3(i)]×R0. (3)
In this paper, we consider a stationary buffer state at the
relay node. Hence, we have the following lemma.
Lemma 1. For a stationary stochastic system, the average
arrival rate needs to be smaller than the departure rate, i.e.,
R1 ≤ R2. (4)
Proof. According to the queuing theory, if R1 > R2, the
queue in the buffer will statistically increase to infinity. Hence,
we obtain this lemma.
Lemma 2. The optimal hybrid FD/HD scheme maximizing the
system throughput is achieved when the queue at the buffer is
at the edge of non-absorb state, which can be expressed as
R1 = R2. (5)
Proof. According to the Lemma 1, R1 ≤ R2. If R1 < R2, the
system throughput will be limited by R1. However, we can
choose the mode M1 in more time slots to increase the rate
R1. Once R1 = R2, R1 will cannot be increased furthermore,
otherwise, the system cannot keep stationary.
The system throughput can be quantified by the average
received bits of information at the destination node D in each
time slot. Hence, we have
T = R2. (6)
It is noted that we abandon the limitation min{Q(i −
1), R0}. This can be interpreted as that there are only count-
able number of time slots that the queue length of the buffer
is less than R0 when the buffer is at the edge of non-absorb
state. In other words, the relay node always has enough data
stored in the buffer. Hence, when averaged on the infinite time
horizon, the effects of Q(i) < R0 can be neglected.
Now, based on Lemma 1 and Lemma 2, the considered
throughput maximization problem can be formulated as P1,
which is given by
max
dj(i)∈{0,1}
T
s.t. C1: R1 = R2,
C2:
4∑
j=1
dj(i) = 1, ∀i
C3: dj(i) ∈ {0, 1}, ∀i, k (7)
However, since the variable dj(i) can only be 1 or 0,
the original optimization problem P1 is a binary integer
programming problem, which is hard to solve. Alternatively,
we observe that if we relax the binary variable dj(i) to be
continuous one in the interval [0, 1], the original problem
will transfer to a linear programming problem. For the linear
programming problem, the optimal value always obtained at
the vertexes of the feasible set, i.e., dj(0) = 1 or 0, which is
consistent with the original problem [11]. The standard form
of the relaxed problem P2 is given by
min
dj(i)∈[0,1]
− T
s.t. C1: R1 −R2 = 0,
C2:
4∑
j=1
dj(i)− 1 = 0, ∀ i
C3: dj(i)− 1 ≤ 0, ∀ i, k
C4: − dj(i) ≤ 0, ∀ i, k (8)
B. Optimal Hybrid FD/HD Scheme
Due to that the optimal scheme relies on the statistic CSI,
we first present the following different statistic CSI cases
Ψ1 : PR3 ≤ PR4 + PR5 − PR1 − PR2 ,
Ψ2 : PR4 + PR5 − PR1 − PR2 < PR3 ≤ PR4 + PR5 − PR2 ,
Ψ3 : PR4 + PR5 − PR2 < PR3 ≤ PR4 + PR5 + PR2 ,
Ψ4 : PR4 + PR5 + PR2 < PR3 ≤ PR4 + PR5 + PR2 + PR1 ,
Ψ5 : PR3 > PR4 + PR5 + PR2 + PR1 , (9)
where PRk denotes the probability of the channel gain region
Rk. As the relay node has known the statistic information of
the channel variation, thus the probability of the regions from
R1 to R6 can be easily derived.
Theorem 1. The optimal hybrid FD/HD mode selection
scheme maximizing the system throughput of the considered
buffer aided FD relay system with RSI is given in the Table
II.
where P
j
k , k ∈ {1, 2, 3, 4, 5, 6}, j ∈ {1, 2, 3, 4} denotes the
selection probability of the mode Mj in the region Rk. In
the region R6, all the active modes are unaccessible, only the
inactive modeM4 can be selected, i.e., P
4
6 = 1. It is noted that
the selection probabilities, which equals to 0, are not given.
Proof. See Appendix.
Remark 1. The five non-overlapping statistic CSI cases is
proposed in the design of the optimal scheme (please see
the Appendix). The five cases represent five different relative
qualities of the S-R and R-D links. In the case Ψ1, the S-R
link is far stronger than the R-D link. Hence, all the time
slots in the region R1 need to be allocated to the mode M2
to balance the constraint C1. In the case Ψ2, the S-R link is
slightly stronger than the R-D link. We only need to allocate
a part of the time slots in the region R1 to the mode M2. In
the case Ψ3, the S-R link and the R-D link are comparable.
By allocating the time slots in the R2 to the mode M1 or
M2 could make the constraint C1 satisfied. Thus, all the time
slots in the region R1 could be allocated to the mode M3. In
the case Ψ4 and Ψ5, the situation will be contrary, more time
slots need to be allocated to the mode M1.
Remark 2. Theorem 1 validates that the FD mode is not
always preferred even it is available. In addition, in the case of
Ψ1 and Ψ5, the FD mode M3 has never been selected, which
means that the system always works in the pure HD mode. In
other words, although the relay node has the capacity to work
in the FD mode, the system cannot achieve any performance
gain due to the strong disparities of the qualities of the S-R
link and the R-D link.
C. General Expressions of the System Throughput
In this subsection, we present the general expressions of the
system throughput of the proposed hybrid FD/HD scheme.
TABLE II
VIABILITY OF DIFFERENT MODES WITH DIFFERENT SINR REGIONS
R1 R2 R3 R4 ∪R5
Ψ1 P
2
1 = 1 P
2
2 = 1 P
2
3 = 1
P 14 =
PR1
+PR2
+PR3
PR4
+PR5
P 4
4
= 1− P 1
4
Ψ2
P 21 =
PR4
+PR5
−PR2
−PR3
PR1
P 31 = 1− P
2
1
P 22 = 1 P
2
3 = 1 P
1
4 = 1
Ψ3 P
3
1
= 1
P 2
2
=
PR2
+PR4
+PR5
−PR3
2PR2
P 32 = 1− P
2
2
P 2
3
= 1 P 1
4
= 1
Ψ4
P 1
1
=
PR3
−PR2
−PR4
−R5
PR1
P 3
1
= 1− P 1
1
P 1
2
= 1 P 1
3
= 1 P 1
4
= 1
Ψ5 P
1
1
= 1 P 1
2
= 1
P 2
3
=
PR1
+PR2
+PR4
+R5
PR3
P 4
3
= 1− P 2
3
P 1
4
= 1
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Fig. 3. Probabilities vs. the fixed transmission rate R0 under different system setups, in which 1) S-R is stronger than R-D link; 2) S-R link is equivalently
equal to the R to D link; 3) S-R link is weaker than R-D link.
Theorem 2. The general expressions of the maximum system
throughput of the proposed hybrid FD/HD scheme correspond-
ing to different statistic CSI cases are given by
T =


(PR1 + PR2 + PR3)R0, Ψ1, Ψ2
(PR1 +
PR2+PR3+PR4+PR5
2 )R0, Ψ3
(PR1 + PR2 + PR4 + PR5)R0, Ψ4, Ψ5
(10)
Proof. Theorem 2 can be easily proved using the different
selection probabilities shown in the Theorem 1. The system
average throughput can be generally obtained by
T = [PR1(P
2
1 + P
3
1 ) + PR2P
2
2 + PR3P
2
3 ]R0. (11)
Substituting P kj in the Theorem 1 into the above expression,
the expressions of the system throughput can be obtained.
IV. SIMULATION RESULTS
In this section, we conduct numerical simulations to verify
the effectiveness of the proposed scheme. In the simulation,
the specific Rayleigh fading is considered with channel gain
expectations Ω1 = E{g1} and Ω2 = E{g2}.
In the Fig. 3, we plot the probabilities of different instanta-
neous CSI regions versus the fixed transmission rate R0 under
different system parameters. In particular, in the subfigure (a),
σ2r = σ
2
d = 1, Ir = 5, Ω1 = 0.8 and Ω2 = 0.6, P1 = P2 = 25
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Fig. 4. System throughput vs. the fixed transmission rate R0
dB. In this case, we note that although P1 = P2, the S-R
link is stronger than the R-D link, which leads to the statistic
CSI cases Ψ1, Ψ2 and Ψ3. In the subfigure (b), we set the
transmit power P1 = 23.75 dB and P2 = 25 dB. Although
Ω1 > Ω2, but P1 < P2, which offsets the disparity of the
channel variances. Due to the symmetry, there is only one case
Ψ3. In the subfigure (c), we set P1 = 25 dB and P2 = 30 dB.
In this case, although P1 << P2, which results to the cases
Ψ3, Ψ4 and Ψ5. In this figure, we reveal that the statistic cases
from Ψ1 to Ψ5 exist under different system setups.
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Fig. 5. System throughput vs. the transmit power P1.
In Fig. 4, we plot the system throughput versus the fixed
transmission rate R0. In particular, the system parameters
are set as follows: P1 = P2 = 30 dB, σ
2
d = σ
2
r = 1,
Ω1 = 0.8, Ω2 = 0.6. We note that the fixed transmission
rate R0 remarkably affects the system throughput. In the
low and strong RSI cases, the system throughput will firstly
increase with R0, after reaching the maximum value, the
system throughput will decrease with the continuing increase
of R0. Thus, proper design the value of R0 can optimize the
system performance. However, in the case Ir = 20, there are
two values that both maximize the system throughput, which
indicates the joint effects of the RSI and fixed rate R0 on the
system performance. In addition, in the high R0 regime, non-
RSI achieves the same performance compared to the strong
RSI. The reason is that all the time slots in the region R1
and R2 are allocated to the mode M2. However, the sum
probability of the region R1 and R2 has no relationship with
the variance of the RSI.
Fig. 5 plots the system throughput versus the transmit power
P1. We set P2 = 30 dB, Ω1 = Ω2 = 0.8, σ
2
r = σ
2
d = 1, R0 =
4 bps/Hz. We note that the whole figure can be categorized
into two cases: Ψ5 in the low transmit power regime and Ψ3
in the high transmit power regime. In the case Ψ5, the S-R
link is strengthened with the increase of P1 and the system
throughput increases significantly. Due to PR1 is very small,
the system will almost directly convert to the case Ψ3. In the
case Ψ3, the system throughput first increases very slowly,
and then fastly. The reason is that, the increase of P1 mainly
leads to the increase of PR2 . However, the time slots in the
region R2 need to be allocated to the modesM1 orM2. Thus,
the system throughput increases slowly. In the high transmit
power regime, for example, P1 ∈ (40, 60) dB, the increase of
P1 mainly leads to the increase of PR1 . In the region R1, all
the time slots are allocated to the mode M3. Thus, the system
throughput increases rapidly.
Fig. 6 plots the system throughput versus the transmit power
P2. We note that the system throughput keeps the same in the
low P2 regime under different RSI cases. The reason is that in
the low P2 regime, the system performance is restricted by the
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Fig. 6. System Throughput vs. the transmit power P2.
R−D link, which is none relative to the RSI. With the increase
of P2, the system throughput will increase proportionally.
However, it is observed that for the strong RSI case, i.e.,
Ir = P2, the system throughput reach the maximum value
when P2 ≈ 18 dB. Then, the throughput will decrease with the
increase of P2 and finally converge to a constant. The reason is
that the RSI increases with the transmit power, which reduces
the SINR performance at the relay node.
V. CONCLUSION
In this paper, we designed an optimal hybrid FD/HD scheme
for the one-way DF FD relay system with a buffer. We focused
on the throughput maximization by the proposed scheme. To
solve this problem, we divided the system into four different
transmission modes and formulated the original problem as a
binary integer problem. By relaxing the problem, we obtained
the optimal mode selection probabilities based on the KKT
optimal conditions. The proposed scheme not only achieved
the optimal FD mode or HD mode selection, but also realized
the adaptive S-R or R-D link selection. Simulation results
validated that the proposed scheme could fully exploit the
potential of the FD mode.
APPENDIX
We note that the relaxed problem P2 is a linear program-
ming problem. Since the Karush-Kuhn-Tucker (KKT) condi-
tions are necessary for the optimal solution, we first examine
the KKT conditions of the problem P2. The Lagrangian
function for the problem P2 is given by
L(dj(i), α, β(i), µj(i), νj(i)) =
−
1
N
N∑
i=1
[d2(i)O2(i) + d3(i)O3(i)]×R0
+
α0
N
N∑
i=1
[d2(i)O2(i)− d1(i)O1(i)]×R0
+ β(i)(
N∑
i=1
4∑
j=1
dj(i)− 1) +
N∑
i=1
4∑
j=1
µj(i)(dj(i)− 1)
−N∑
i=1
νj(i)dj(i) (12)
where α0, β(i), µj(i), νj(i) are the non-negative Lagrange
multipliers of the constraints from C1 to C4. For the optimal
solution, the derivatives of (12) equal to zero, i.e.,
∂L
∂dj(i)
= 0, ∀ i, j (13)
for j = 1, 2, 3, 4, we have
V1(i) = N [β(i) + µ1(i)− ν1(i)] = α0O1(i)R0
V2(i) = N [β(i) + µ2(i)− ν2(i)] = (1− α0)O2(i)R0
V3(i) = N [β(i) + µ3(i)− ν3(i)] = O3(i)R0
V4(i) = N [β(i) + µ4(i)− ν4(i)] = 0 (14)
where Vj(i) is defined as the selection function. For simplicity,
we first examine that the mode M1 is selected. In this case,
d1(i) = 1, we get dj(i) = 0, j ∈ {2, 3, 4}, thus, the constraints
C3 for j = 2, 3, 4 and C4 for j = 1 are inactive. According to
the complementary slackness condition, we get that µj(i) =
0, j = 2, 3, 4 and ν1(i) = 0. Here, we find that
V1(i)− Vj(i) = N [µ1(i) + νj(i)], j = 2, 3, 4 (15)
Since µ1(i) ≥ 0 and νj(i) ≥ 0, V1(i)−Vj(i) ≥ 0, j = 2, 3, 4.
This implies that when M1 is selected, V1(i) ≥ Vj(i), ∀j, j =
2, 3, 4. The results will be similar if we set dj(i) = 1, j =
2, 3, 4. Now we can conclude that the mode with the largest
selection function should be selected in each time slot.
Based on the property of the selection function, next we
will discuss the different values of α0 in the right hand side
of (14). We consider the region R1, in this region, all of
O1(i), O2(i) and O3(i) equal to 1. According to the KKT
conditions, we know that α0 ≥ 0. First, we consider that
α0 = 0, V2(i) = V3(i) > V1(i), indicating mode M2 or
mode M3 should be selected. We assume that the selection
probability of the modeMj is P
j
1 , thus the constraint C1 leads
to the following equation
PR4 + PR5 = PR1P
2
1 + PR2 + PR3
P 21 + P
3
1 = 1
⇒ P 21 =
PR4 + PR5 − PR2 − PR3
PR1
(16)
where PR2 is based on the preliminary 2, i.e., the time slots
in the region R2 are preferred to be utilized to balance the
constraint C1. The selection of the mode M2 in the region
R1 means all the time slots in the region R2 are allocated to
the mode M2. From (16), we note that if P
2
1 < 1, we have
PR4 + PR5 − PR2 − PR1 < PR3 ≤ PR4 + PR5 − PR2 , i.e.,
Ψ2.
However, if P 21 = 1, we get PR3 ≤ PR4+PR5−PR2−PR1 ,
i.e., Ψ1. In this case, even if all the time slots in the region R1
are allocated to the mode M2, R1 ≥ R2. Hence, we need to
select the silent modeM4 in the regionR4+R5 to balance the
arrival rate and departure rate. We have the following equation
(PR4 + PR5)P
1
4 = PR1 + PR2 + PR3
⇒ P 14 =
PR1 + PR2 + PR3
PR4 + PR5
, (17)
since that there are only two modes M1 and M4 available in
the region R4 and R5, the selection probability of the mode
M4 is P
4
4 = 1− P
1
4 .
Next, if α0 ∈ (0, 1), V3(i) > max{V1(i), V2(i)}, thus, the
mode M3 will be selected with the probability 1 in the region
R1. This case implies that by the adjustment of the allocation
of the time slots in the region R2 to the mode M1 and M2
can realize the equality of the constraint C1. Hence, we have
PR4 +PR5 −PR2 < PR3 ≤ PR4 +PR5 +PR2 , i.e., Ψ3. For
the region R2, we have
PR4 + PR5 + PR2P
1
2 = PR2P
2
2
P 12 + P
2
2 = 1
⇒ P 12 =
PR2 + PR4 + PR5
2PR3
,
P 22 = 1− P
1
2 , (18)
If α0 = 1, V1(i) = V3(i) > V2(i), mode M1 and M3
should be selected in the region R1. This case corresponds to
that PR2 + PR4 + PR5 < PR3 ≤ PR5 + PR4 + PR2 + PR1 ,
i.e., Ψ4. The selection probability can be expressed as the
following
PR4 + PR5 + PR2 + PR1P
1
1 = PR3
P 11 + P
3
1 = 1
⇒ P 11 =
PR3 − PR2 − PR4 − PR5
PR1
P 31 = 1− P
1
1 , (19)
In this case, the mode M1 is selected in the region R1,
which means that all the time slots in the region R2 are
allocated to the mode M1, i.e., P
1
2 = 1 in the region R2.
Last, we consider that α0 > 1, we note that in this case,
V1(i) = max{Vj(i)}, j = 1, 2, 3, 4, meaning that only the
mode M1 is selected in the region R1, which corresponds to
the case PR3 > PR1+PR2+PR4+PR5 , i.e., case Ψ5. Hence,
to satisfy the equality in the constraint C1, the inactive mode
M4 should be selected in the time slots of the region R3. The
selection probability is given by
PR1 + PR2 + PR4 + PR5 = PR3P
2
1
⇒ P 23 =
PR1 + PR2 + PR4 + PR5
PR3
, (20)
and P 43 = 1−P
2
3 . Hitherto, all the cases from Ψ1 and Ψ5 have
been discussed. Based on the property of the KKT conditions,
the optimal solution of the hybrid FD/HD mode selection
problem is obtained. The proof is completed.
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